The tegument of herpesvirus virions is a distinctive structure whose assembly and function are not well understood. The herpes simplex virus type 1 VP22 tegument protein encoded by the UL49 gene is conserved among the alphaherpesviruses. Using cell biology and viral genetics, we provide an initial characterization of the pseudorabies virus (PRV) VP22 homologue. We identified three isoforms of VP22 present in PRV-infected cells that can be resolved by polyacrylamide gel electrophoresis. The predominant form is not phosphorylated and is present in virions, while the other two species are phosphorylated and excluded from virions. VP22 localized to the nucleus by 6 h postinfection, as determined by immunofluorescence and cell fractionation. VP22 immunofluorescence in the nucleus was both diffuse and in punctate structures. The punctate nuclear localization was the most pronounced form of staining and did not localize exclusively to sites of viral DNA replication. Unexpectedly, a VP22 null mutant had no obvious phenotypes during tissue culture infections and was similar to the wild type in all respects. Moreover, the VP22 null mutant was as virulent and neuroinvasive as the wild-type virus after infection of the rodent eye and spread to the brain using both anterograde and retrograde neuronal circuits.
Herpesvirus virions are characterized in part by the presence of tegument, the distinctive proteinaceous layer between the nucleocapsid and envelope. Despite the fact that tegument is an important structural component of virions, there exists rudimentary and often conflicting information on the site(s) of tegument assembly, and the organization, stoichiometry and function of tegument proteins. Recent reports of mRNAs in the virions of human cytomegalovirus (4) and herpes simplex virus (HSV) (45) , a subset of which may be acquired along with tegument during final envelopment (22) , underscore the complex biology inherent in the herpesvirus tegument. Tegument components are delivered to the cell immediately after fusion of the virus envelope with the plasma membrane and therefore can have an immediate effect on the cell. Some tegument proteins have been characterized as transcription activators, kinases, or RNases (42) affecting viral and host gene expression.
The alphaherpesviruses encode a conserved cluster of four tegument genes named UL46, UL47, UL48, and UL49 (1, 25, 34, 44, 54) . These genes encode four tegument proteins, known in HSV-1 as VP11/12 (UL46), VP13/14 (UL47), VP16 (UL48), and VP22 (UL49) (34) . Of these proteins, the transcription activator VP16 has been studied extensively, whereas considerably less is known about the function of the other three proteins in this cluster. Interestingly, VP16 interacts with each of the other three tegument proteins encoded in the cluster (7, 14, 24, 30, 55) , but the structure and function of these complexes are not well characterized.
The HSV-1 VP22 protein has attracted recent attention because it has been shown to have the property of intercellular spread (11, 16, 38) . VP22 also binds avidly to chromatin and is capable of binding to and stabilizing microtubules (17, 20) . However, the biological relevance of such actions is not understood. In addition, the cellular localization of VP22 is somewhat controversial. In immunofluorescence assays with an antibody that recognizes phosphorylated and nonphosphorylated forms of HSV-1 VP22, the protein was found first in the cytoplasm early after infection and then in the nucleus late in infection (40) . In contrast, a study using a monoclonal antibody that recognizes only the nonphosphorylated form of VP22 found that this form localizes to the nucleus early in infection and is predominantly cytoplasmic late in infection (35) . An HSV-1 enhanced green fluorescent protein (EGFP)-VP22 fusion protein localized exclusively to the cytoplasm and was never found in the nucleus (19) . Finally, the VP22 homologues expressed by bovine herpesvirus 1 (BHV-1) and Marek's disease virus (MDV) were found predominantly in the nucleus during infection (12, 28) . The reason for these discrepancies is unclear, and the importance of the subcellular localization and phosphorylation state of VP22 during infection remains to be established. Despite considerable work describing the cellular localization of VP22, genetic studies of the UL49 gene encoding VP22 remain rudimentary. A VP22-null mutant was first constructed in BHV-1 and exhibited significantly reduced growth in tissue culture (28) . Importantly, this VP22-null virus exhibited reduced virulence after intranasal infection of cattle (29) . An HSV-1 VP22-null virus has not yet been reported, but an HSV-1 mutant expressing a truncated form of VP22 has been characterized (41) . This report demonstrated that the carboxyterminal domain of VP22 is necessary for virion incorporation and efficient cell-to-cell spread of the virus.
The purpose of this study was to provide an initial charac-terization of the pseudorabies virus (PRV) VP22 homologue with the following experimental goals: (i) investigate the subcellular localization of PRV VP22 during infection, (ii) identify the VP22 isoforms present in infected cells and purified virions, and (iii) construct a VP22-null mutant and revertant to test the role of VP22 in neuroinvasion and virulence after rodent eye infection.
(A portion of this work was completed by H.C.W. in fulfillment of a Princeton University undergraduate senior thesis.)
MATERIALS AND METHODS
Cells and virus strains. The PK15 (pig kidney) cell line was used for propagation of all PRV strains. Cells were grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS), while viral infections were performed in DMEM supplemented with 2% FBS. For studies involving cell cycle arrest in G 1 phase, CV-1 (African green monkey kidney) cells were incubated in DMEM with 1% FBS and 300 M n-butyrate (Sigma) prior to and during the course of infection. For plaque formation during virus purification, PK15 cells were maintained in 1% Methocel in DMEM supplemented with 2% FBS.
Antiserum. Rabbit polyclonal antiserum to VP22 and goat polyclonal antiserum to gC (282) have been described previously (3, 43) . Rb133 is a rabbit polyvalent antiserum against acetone-inactivated PRV Becker and recognizes all of the major envelope glycoproteins (9) . Rabbit polyclonal antiserum to EGFP was purchased from Clontech, and mouse monoclonal antibody to bromodeoxyuridine (BrdU) was purchased from Boehringer Mannheim.
Construction of plasmids. A synthetic oligonucleotide linker was formed by annealing oligonucleotides 5Ј-CAGATCTAGGACCCTACCGC-3Ј and 5Ј-GGT AGGGTCCTAGATCTGACGT-3Ј. This linker was cloned into the AatII and SacI sites of pGEM-5Zf to create pHW2, containing a novel BglII site. pGS138 contains the PRV Becker BamHI-1 fragment (2) cloned into pBeloBAC11. The UL49 gene with flanking sequence was subcloned from pGS138 by inserting a BamHI/SalI fragment into the BglII and SalI sites of pHW2, resulting in pTD12. Two oligonucleotides partially homologous to the EGFP gene with one containing an overhanging XhoI site (5Ј-AGTCTCGAGCAAGGGCGAGGAGCTG-3Ј) and the other an overhanging PstI site (5Ј-ACATCTGCAGTTGAGCTCA AGATCTGAGTCC-3Ј) were used for PCR.
The EGFP open reading frame was amplified from pEGFP-C1 (Clontech) by Pfu polymerase (Stratagene). The EGFP PCR product was digested with XhoI and PstI and cloned into complementary sites in pTD12 to create the VP22-null construct pTD14. The VP22-null construct was designed to fuse the fourth amino acid of VP22 to the second amino acid of the EGFP open reading frame so that there is only one start methionine. An in-frame stop codon is present in the EGFP DNA fragment prior to the PstI site of UL49.
Construction of VP22-null mutant virus and corresponding revertant. PRV Becker DNA was isolated as previously described (48) . The UL49 open reading frame was replaced with the EGFP open reading frame by homologous recombination after cotransfection of PRV Becker nucleocapsid DNA and pTD14 DNA on PK15 cells. After complete cytopathic effect was observed, the infected cells were harvested, lysed by freeze-thawing, diluted, and replated on PK15 cells to allow individual plaques to form. EGFP-positive plaques were picked and plaque purified three times. Potential recombinants were confirmed by Southern blot analysis. ). Cell lysates were centrifuged at 2,000 ϫ g for 3 min at 4°C, the supernatant was collected as the cytoplasmic fraction, and the nuclear pellet was washed in PBS and resuspended in an equal volume of PBS-0.2 mM PMSF.
Virus particles were purified from the pooled medium from 12 15-cm-diameter dishes at 16 h postinfection. The medium was clarified of cell debris by centrifugation at 1000 ϫ g for 10 min at 4°C and pelleted through 30% sucrose in PBS at 100,000 ϫ g for 60 min at 4°C. The viral pellet was resuspended in TNE (150 mM NaCl, 50 mM Tris [pH 7.4], 0.01 M EDTA), layered onto a step gradient of 6 ml of 20% tartrate (dipotassium salt)-2.5 ml of 50% tartrate in PBS, and centrifuged at 100,000 ϫ g for 90 min at 4°C. The virus band was isolated with a needle syringe, diluted in PAE (PBS with 2 g of aprotinin per ml and 1 mM EDTA, pH 8) and centrifuged at 75,0000 ϫ g for 60 min at 4°C. The resulting pellet was resuspended in PAE and treated by sonication.
Purified virions were fractionated by treatment with 1% NP-40 or 1% NP-40 plus 1 M NaCl in PBS at 4°C for 30 min, layered on 30% sucrose in PBS, and centrifuged at 178,000 ϫ g for 30 min (28) . The supernatant was collected, and the virion pellet was resuspended in an equal volume of PAE. All protein extracts were combined with sample buffer, separated by sodium dodecyl sulfate (SDS)-12.5% polyacrylamide gel electrophoresis (PAGE), and transferred to nitrocellulose (Amersham-Pharmacia). The VP22 and gC proteins were visualized by incubation of the nitrocellulose with primary antibodies followed by enhanced chemiluminescence detection (Supersignal; Pierce).
Radioimmunoprecipitation assay. Monolayers of PK15 cells were infected with PRV Becker or 175 at a multiplicity of infection of 10. Thirty minutes prior to the addition of radioactive label, the monolayers were washed once with PBS and overlaid with DMEM-2% FBS lacking cysteine and methionine or phosphate. At 5 h postinfection, the cells were labeled with 50 Ci of [
35 S] methionine-cysteine or 50 Ci of [
33 P]orthophosphate (Amersham-Pharmacia) per ml. For cell lysates, at 16 h postinfection, cells were washed in PBS and harvested in nuclease lysis buffer (300 mM NaCl, 50 mM Tris [pH 8.8], 100 mM MgCl 2 , 10 mM CaCl 2 , 0.5% Triton X-100, 2 g of aprotinin per ml). Microccocal nuclease (USB) was added to a final concentration of 30 U/ml, and the lysates were incubated at room temperature for 30 min. At the end of this incubation, the lysates were supplemented with 0.2% SDS, 0.5% sodium deoxycholate, and 1 mM EDTA and incubated at 4°C for 15 min. The lysates were clarified by centrifugation at 14,000 ϫ g for 5 min at 4°C.
Radiolabeled virions were prepared by incubating three 15-cm-diameter dishes of PK15 monolayers infected with PRV Becker with [
35 S]methioninecysteine or [ 33 P]orthophosphate as described above. At 16 h postinfection, the supernatant of three labeled 15-cm-diameter dishes was combined with an equal volume of nonlabeled infected cell supernatant, and virus particles were purified as described above. After the last centrifugation step, pelleted virions were resuspended in radioimmunoprecipitation assay (RIPA) buffer (nuclease lysis buffer plus 0.2% SDS, 0.5% sodium deoxycholate, 1 mM EDTA) and incubated at 4°C for 30 min. VP22 antiserum was coupled to protein A-Sepharose CL-4B (Amersham-Pharmacia) with dimethyl pimelimidate (Sigma) as previously described (23) . Radiolabeled cell lysates were precleared with protein A-Sepharose by incubation at 4°C for 90 min. Coupled VP22 antiserum was then incubated with precleared radiolabeled cell lysates or virions overnight at 4°C. The antibody-coupled Sepharose with bound protein was washed twice with RIPA buffer and resuspended in sample buffer. Immunoprecipitated proteins were separated on an SDS-12.5% polyacrylamide gel (14 by 16 cm) by electrophoresis and detected by autoradiography.
Protein phosphatase treatment. Lambda protein phosphatase has activity towards phosphorylated serine, threonine, and tyrosine residues and was used to dephosphorylate the different VP22 isoforms. VP22 from [
35 S]methionine-cysteine-labeled infected cell lysates was bound to antibody-coupled Sepharose as described above and washed twice with lambda protein phosphatase buffer (NEB). The antibody-coupled Sepharose with bound protein was resuspended in 100 l of lambda protein phosphatase buffer-2 mM MnCl 2 with 800 U of lambda protein phosphatase (NEB) and incubated at 30°C for 45 min. The Sepharose was washed twice with RIPA buffer, resuspended in sample buffer, and analyzed as described above.
Indirect immunofluorescence. PK15 cells were grown on glass cover slips to about 40% confluence and infected with PRV Becker at a multiplicity of infection of 10. At 6 h postinfection, cells were rinsed with PBS, fixed with 2% paraformaldehyde for 10 min at room temperature, rinsed with PBS again, and permeabilized with PBS-3% bovine serum albumin-0.1% Triton X-100 at room temperature for 15 min. Cells were then incubated with VP22 antiserum for 30 min followed by incubation with Alexa-488 goat anti-rabbit immunoglobulin (Ig) secondary antibody (Molecular Probes) for 30 min.
For detection of viral DNA synthesis, CV-1 cells were incubated in DMEM-1% FBS-3 mM n-butyrate for 16 h prior to infection and maintained in DMEM-1% FBS-3 mM n-butyrate during infection (32, 46) . At 6 h postinfec-tion, BrdU was added to the medium for 15 or 60 min as specified by the manufacturer (Boehringer Mannheim, Labeling and Detection Kit I). The cells were then rinsed with PBS and fixed as before. In order to maintain VP22 staining while exposing the incorporated BrdU epitope, cells were permeabilized and incubated with VP22 antibody as before, washed, and fixed again with 2% paraformaldehyde for 15 min at room temperature. Following this, the cells were washed with PBS and treated with 4 N HCl for 5 min at room temperature. The cells were then incubated with BrdU antiserum as per the manufacturer's instructions, followed by incubation with Alexa-488 goat anti-rabbit Ig and Alexa-546 goat anti-mouse Ig secondary antibodies (Molecular Probes). All cover slips were mounted on glass slides with Aqua Poly/Mount (Polysciences, Inc.), and images were collected with a Zeiss 510 confocal microscope.
Animal experiments, tissue processing, and immunohistochemistry. Adult male Sprague-Dawley rats weighing 230 to 240 g were used. The rat ocular infection model has been described by Card et al. (8) . Experimental protocols were approved by the Princeton University Animal Welfare Committee and were consistent with the regulations stipulated by the American Association for Accreditation of Laboratory Animal Care and those in the Animal Welfare Act (Public Law 99-198). During the course of the experiment, all animals were confined to a biosafety level 2 laboratory, and experiments were conducted with the specific safeguards described previously.
RESULTS

Construction of a VP22-null virus.
The gene organization and transcriptional activation surrounding the UL49 gene encoding VP22 is complex and not well studied in PRV. Moreover, the VP16 homologue encoded by UL48 is directly downstream of UL49 (34) . Accordingly, care was taken to preserve the UL49 promoter and downstream transcription signals (Fig.  1A) . The VP22-null mutant, PRV 175, was constructed by replacing a 0.63-kb fragment of the UL49 gene with the EGFP gene so that the EGFP open reading frame was fused to the first Met-Ser-Ser-Ser amino acids of VP22 (Fig. 1B) . Therefore, EGFP transcription in PRV 175 is regulated by the UL49 promoter. A revertant of the VP22-null virus, called PRV 175R, was also constructed (Fig. 1B) . Both PRV 175 and 175R were indistinguishable from the parental Becker strain in single-step growth after high-multiplicity infection of PK15 cells (data not shown).
Cellular and viral compartmentalization of VP22. The subcellular localization of VP22 was investigated by cell fractionation. At 6 h postinfection, VP22 was present as a 34-kDa protein primarily in a nuclear fraction devoid of gC, while only a small amount of VP22 was found in the cytoplasmic fraction (Fig. 2) . In agreement with previous results, the cytoplasmic fraction contained the 92-kDa mature form and the 74-kDa immature form of gC ( A 34-kDa form of VP22 was also detected in purified extracellular virions (Fig. 2) . While cell lysates contained the mature and immature forms of gC, purified virions only contained the 92-kDa mature form, indicating that the virion preparation was free of immature viral proteins (Fig. 2) . In order to determine what compartment of the virion VP22 was localized to, fractionation of purified virions was performed. It has previously been shown that the treatment of purified virions with NP-40 detergent solubilizes the envelope, while VP22 remains associated with the insoluble tegument and capsid structure (27, 28, 31, 49) . Further treatment of virions with NP-40 and high concentrations of salt release significant amounts of tegument, including VP22, from the insoluble fraction.
To investigate whether VP22 in PRV virions exhibits similar biochemical behavior, purified virions were fractionated with 1% NP-40 or 1% NP-40 plus 1 M NaCl treatment. The viral envelope was solubilized with 1% NP-40, as evidenced by the presence of the majority of gC in the supernatant (Fig. 2) . VP22 was not detectable in the 1% NP-40-solubilized envelope fraction. Treatment with 1% NP-40 plus 1 M NaCl resulted in the release of the majority of VP22 and complete solubilization of gC. A small amount of VP22 remained associated with the insoluble pellet fraction. Taken together, these data suggest that PRV VP22 was present in the tegument layer of purified virions. Subcellular localization of VP22 by indirect immunofluorescence. The nuclear localization of VP22 determined by cell fractionation was confirmed by indirect immunofluorescence. PK15 cells were infected at an MOI of 10 and fixed with 2% paraformaldehyde at 6 h postinfection. While mock-infected cells revealed no staining for VP22 (Fig. 3A) , punctate nuclear localization of VP22 was seen in PRV Becker-infected cells (Figs. 3B and C) . However, a diffuse nuclear stain was always evident and in some cases was also present in nuclei containing VP22 puncta. Some filamentous and punctate cytoplasmic staining was also visible, but to a much lesser extent than the signal from the nucleus (Fig. 3B) .
Tegument compartments in the nucleus have been to shown to localize adjacent to areas of viral DNA synthesis (52) . We wished to determine whether the PRV VP22 puncta also localized near sites of viral DNA replication, similar to tegument compartments. To do this, viral replication centers were detected by incorporation of the nucleoside analog BrdU. In order to reduce or eliminate incorporation of BrdU into host chromatin, CV-1 cells were used, as they are susceptible to the effects of the cell cycle inhibitor n-butyrate (32) . Treatment of cells with n-butyrate does not inhibit HSV-1 infection (46) and was found to be suitable for PRV infection as well (data not shown). CV-1 cells were incubated in reduced serum with 3 mM n-butyrate for 16 h prior to infection and maintained under the same conditions during infection. This treatment blocked cell entry into S-phase and reduced detectable cellular BrdU incorporation to less than 3% of the cells so that viral DNA replication centers could be visualized (data not shown).
CV-1 cells were infected at an MOI of 10 with PRV Becker and labeled with BrdU at 6 h postinfection. The cells were then fixed with 2% paraformaldehyde and immunostained as described in Materials and Methods. Cells were labeled with BrdU for either 15 or 60 min to reveal different patterns of BrdU staining. Representative images reveal two types of FIG. 3 . Subcellular localization of VP22 by indirect immunofluorescence. PK15 cells grown on cover slips were mock infected (A) or infected at an MOI of 10 with PRV Becker (B and C) for 6 h prior to fixation. Cells were stained with rabbit polyclonal antiserum to VP22 and detected with an Alexa-488 secondary antibody. Magnifications: ϫ120 (A and B) and ϫ160 (C).
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on January 14, 2018 by guest http://jvi.asm.org/ staining with a 15-min BrdU label (Fig. 4B) . Punctate BrdU staining is present near the periphery of the nucleus, while large regions of staining are present towards the center of the nucleus. The longer 60-min BrdU label resulted in the consolidation of the punctate staining into globular domains representative of viral replication compartments (Fig. 4F) (32, 51) . Treatment of the CV-1 cells with n-butyrate did not have any apparent effect on the punctate nuclear localization of VP22 during infection ( Fig. 4A and E) . While there are examples where the VP22 puncta are adjacent to the BrdU puncta, there is little or no overlap of the two signals (Fig. 4D) . VP22 is also clearly present in the periphery of the nucleus, where there is no BrdU signal with a 60-min label (Fig. 4H) . The staining pattern of VP22 was localized throughout the nucleus and was not restricted to areas of globular BrdU staining (Fig. 4G) . Posttranslational modification of VP22. Initial detection of VP22 present in PRV Becker-and 175R-infected cell lysates suggested the presence of a larger form (Fig. 1B) . To investigate this prospect further, infected cell lysates at 16 h postinfection were prepared, separated by 12.5% polyacrylamide gel electrophoresis, and subjected to Western blot analysis. Two migrating forms of VP22, 34 and 35 kDa in size, were present (Fig. 2B, asterisks) . Only the smaller form was detectable at 6 h postinfection or in purified virions.
Since HSV-1 VP22 is a major virus-encoded phosphoprotein (13, 15, 18, 21) (Fig. 5, lane  4) . Labeling with [
35 S]methionine-cysteine revealed the presence of a major 33.5-kDa protein and a minor 35-kDa protein in PRV Becker-infected cell extracts, both of which were absent in PRV 175-infected cells (Fig. 5, lanes 1 and 2) . Treatment of [ 35 S]methionine-cysteine-labeled immunoprecipitated proteins with lambda protein phosphatase resulted in the loss of the 35-kDa protein band and no alteration of the 33.5-kDa band (Fig. 5, lane 3) . Purified extracellular virions labeled with [ 35 S]methionine-cysteine incorporated only the 33.5-kDa form of VP22, whereas the two [
33 P]orthophosphate-labeled forms were not detected in virions (Fig. 5, lanes 5 and 6) . Thus, PRV VP22 exists as three distinct isoforms in infected cells (Fig. 5,  a, b, and c) . The major VP22 product, 33.5kDa in size (isoform a), is nonphosphorylated and incorporated into virions, while two larger species, 34 and 35 kDa in size (isoforms b and c), are phosphorylated and excluded from purified virions.
Virulence and neuronal spread of a VP22-null virus. The rat eye infection model tests both the virulence and neuronal spread of alphaherpesviruses across synaptically connected neurons in the peripheral and central nervous system (CNS) (8) . The virulent PRV Becker strain used in our studies in-duces marked symptoms of sensory and autonomic nervous system infection after 48 h, followed by death at about 60 to 70 h postinfection (8) . The virus invades the CNS and spreads to all retinorecipient areas of the brain. By contrast, the vaccine strain Bartha is much less virulent, as determined from a delayed onset of symptoms, a mean time to death of more than 120 h, and an inability to invade certain retinorecipient areas of the CNS (9). We have determined that PRV Becker-derived strains not expressing gE, gI, or Us9, all of which are deleted in the Bartha strain (33, 34) , exhibit attenuated virulence and spread similar to Bartha in the rat eye infection model (6, 9, 50) .
While the gE, gI, and Us9 membrane proteins clearly have an important role in virulence and neuronal spread, it is unclear what role tegument proteins may have in the rat eye infection model described above. Although it is currently unknown how viral capsid structures are able to interact with molecular motors to mediate transport of packaged viral genomes, one thought is that the tegument proteins can potentially serve to connect the capsid to cellular motors. We used the rat eye infection model to determine whether the VP22 tegument protein has any role in virus transport across neurons and the ability of PRV to cause disease in the CNS.
The mean time to death of PRV Becker-and 175-infected animals was 73.9 and 68.0 h, respectively ( Table 1 ). The absence of VP22 had no effect on virulence: the appearance of various symptoms of disease, including ruffling of the fur, nasal discharge, hunched posture, labored breathing, uncoordinated movement, and scratching of the face surrounding the injected eye (50), were severe and indistinguishable from those caused by the virulent PRV Becker strain.
Neuroinvasiveness was scored by detecting viral antigen in areas of the brain known to be connected to the retina and eye musculature. Infected neuronal cell bodies were readily detected in fixed coronal brain slices with the polyclonal antibody Rb133 (9) . As previously reported, PRV Becker infected the retina and spread to all retinorecipient neurons in the brain (anterograde spread). PRV 175 gave an identical pattern of anterograde invasion (Fig. 6 ). Spread to the brain via retrograde routes occurs when virus is taken up at axon terminals that innervate the eye musculature. For example, infection of the Edinger-Westphal (EW) nucleus occurs when PRV infects the ciliary body in the eye, and infection of the oculomotor nucleus occurs when virus infects the muscles that rotate the eye ball (8) . Both PRV Becker and 175 gave extensive infections of the EW (Fig. 6 ). These experiments demonstrate that PRV VP22 plays no detectable role in promoting virulence or neuroinvasiveness in the rat eye infection model.
DISCUSSION
Nuclear localization of PRV VP22. The PRV VP22 homologue localizes to the nucleus at 6 h postinfection, as determined by cell fractionation and indirect immunofluorescence ( Fig. 2 and 3 ). Nuclear localization of VP22 during infection appears to be conserved among the different alphaherpesvirus homologues (12, 28, 40) . We also observed nuclear localization of PRV VP22 (Fig. 3) , which is consistent with prior observations for nonphosphorylated HSV-1 VP22 (35, 40) . However, two types of nuclear staining were observed, diffuse and punctate. BrdU analysis indicates that while some VP22 punctate staining is adjacent to punctate sites of viral DNA replication, as revealed by a 15-min BrdU label, there is little to no overlap of signal, and the colocalization is not exclusive (Fig. 4) . Indeed, punctate VP22 staining in the nucleus partially colocalizes with the marginated host chromatin, where viral replication centers are not present (data not shown).
It is interesting that while some punctate BrdU staining is present at the periphery of the nucleus with a 15-min label, there is no BrdU signal near the nuclear periphery with a 60-min label (Fig. 4C and G) . Over the course of the 60-min BrdU labeling, the peripheral BrdU staining appears to consolidate into the globular replication domains localized more centrally in the nucleus. While the significance of BrdU consolidation is unknown at this time, it is clear that the punctate nuclear VP22 localization is unaffected. One possibility is that the VP22 puncta may be in a distinct compartment of the (52) . Assembly of VP22 into the tegument. Previous evidence that the PRV VP22 homologue was a tegument protein came primarily from immunogold electron microscopy (26) and by analogy to other VP22 homologues (12, 13, 28, 34) . Based on our biochemical fractionation data, we confirm that PRV VP22 is a tegument protein (Fig. 2) . VP22 was released from the tegument layer by high-salt treatment, suggesting that it was retained in the virion by noncovalent interactions.
Although the mechanism of assembling VP22 in the tegument is unknown, protein-protein interactions are likely to be important, as incorporation of HSV-1 VP22 into virions requires the VP22 carboxy-terminal region (41) . The VP22 protein interactions affecting packaging in virions are likely to occur in the cytoplasm. For example, in HSV-1, the undermodified form of VP22 present in the cytoplasm is incorporated into virions (40) . Furthermore, a (GFP)-VP22 fusion protein expressed during HSV-1 infection localizes exclusively to the cytoplasm and is efficiently incorporated into virions (19) . Electron micrographs of PRV-infected epithelial cells show that extracellular and intracytoplasmic enveloped virions contain VP22, while immature, perinuclear virions are devoid of VP22 (26) . In HSV-1-infected rat dorsal root ganglion neurons, virion particles in the cell body also contain VP22, whereas perinuclear virions do not (Anthony Cunningham, personal communication). Given these findings, the nuclear localization for PRV VP22 is noteworthy.
While some cytoplasmic localization of PRV VP22 was observed, the steady-state localization at 6 h postinfection was predominantly nuclear (Fig. 2 and 3) . If VP22 enters the tegument of egressing virions in the cytoplasm and cannot be detected in the nucleus by immunoelectron micrscopic analysis, why was VP22 localized to the nucleus in our studies? As VP22 localization by immunofluorescence can be affected by the use of different fixatives (5, 40) it may be that the fixation methods used for electron microscopy remove VP22 from the nucleus but not from virions. While certain fixation procedures may be well suited for the detection of virion-associated VP22, they may not be useful for the detection of nuclear localized VP22. Since VP22 has been suggested to associate with the nuclear matrix during infection (39), fixation methods which disrupt the nuclear matrix or other nuclear structures may also alter the localization of VP22.
Our fractionation experiments were performed on nonfixed cells and clearly showed that VP22 associated with the nuclear fraction (Fig. 2) . While further work is necessary to understand both the structure and function of nuclear VP22, we propose that VP22 incorporated into virions originates from a cytoplasmic pool, while nuclear VP22 is nonstructural and has a role during infection that is yet to be defined.
Three isoforms of intracellular PRV VP22. We identified three isoforms of PRV VP22 in infected cells. Importantly, only the nonphosphorylated 33.5-kDa form was present in purified extracellular virions (Fig. 5) . The phosphorylation of tegument proteins upon entry into the cell is postulated to aid in the dissociation of the tegument structure (35, 36) . VP22 in virions of both HSV-1 (15, 40) and PRV is underphosphorylated and may reflect a generally conserved mechanism of tegument packaging and dissociation upon entry among the alphaherpesviruses. The phosphorylated species of PRV VP22 migrated as distinct 34-kDa and 35-kDa species and were detected late but not early in infection (Fig. 2 and 5) . As the majority of VP22 was localized to the nucleus by 6 h postinfection, we suggest that the nonphosphorylated species is localized to the nucleus at this time. The two phosphorylated proteins may accumulate slowly during infection. Furthermore, while less phosphorylated VP22 is present at 6 h postinfection, the ratio of phosphorylated to unphosphorylated VP22 appears different when Fig. 2 and 3 VP22-null mutant virus has no observable phenotypes in vitro. PRV 175 and its revertant PRV 175R were constructed to determine the role of VP22 protein during in vitro and in vivo infections. The strategy was to replace the UL49 coding sequence with the EGFP open reading frame so that EGFP expression is controlled by the endogenous VP22 promoter. The recombinant virus PRV 175 was readily isolated and propagated (Fig. 1) . Moreover, the single-step growth profiles of PRV 175, 175R, and Becker were identical (data not shown). VP22 is also dispensable for the growth of BHV-1 in tissue culture, but the BHV-1 null mutant does not grow with wildtype kinetics (28) . An HSV VP22-null mutant has not yet been reported. We do not know why the PRV VP22-null mutant grows like the wild type while the BHV-1 mutant does not. Perhaps PRV VP22 has a different role in infection, as has been noted for HSV and varicella-zoster virus (VZV) VP16. While VP16 is essential for a productive HSV-1 infection (37, 47, 53) , the VZV VP16 homologue is not (10) .
VP22-null mutant virus has no observable phenotypes in animal infections. We tested the role of PRV VP22 in a rat eye model of infection. This assay reports on virulence (e.g., time to death and associated symptoms) as well as neuroinvasion (spread of virus from the periphery to the CNS). We specifically tested the hypothesis that VP22 may be important for capsid trafficking of virus across neuronal projections (17) . PRV Becker and the VP22-null virus mutant were indistinguishable in virulence and neuroinvasion. Spread by neither the retrograde nor anterograde invasion route was compromised by a lack of VP22 expression.
Concluding remarks. While this study has provided an initial characterization of the PRV VP22 homologue, we were unable to attribute any function to VP22 during infection. Others have reported that the HSV-1 VP22 protein has the property of intercellular spread (11, 16, 38) . Accordingly, we looked for intercellular spread of PRV VP22 by indirect immunofluorescence and confocal microscopy. Intercellular spread was obvious when methanol was used as a fixative, but was not readily observed when 2% paraformaldehyde fixation was used (data not shown) (5, 40) . Furthermore, intercellular spread of a PRV (EGFP)-VP22 chimeric protein was not observed in live cells during transient expression (data not shown) similar to HSV-1 (5) . Thus, at this time, we have little evidence that PRV VP22 can spread from cell to cell, as reported for HSV-1 VP22. However, we cannot rule out the possibility that while HSV and BHV VP22 possess the property of intercellular spread, the PRV VP22 homologue lacks this property. If so, this difference may account for a lack of phenotype in our pathogenesis assay with a PRV VP22-null mutant. Alternatively, while the BHV-1 VP22-null virus was tested in the natural host, our PRV VP22-null mutant was not. A PRV VP22-null phenotype may only be evident in swine.
It is possible that the PRV genome encodes redundant functions that substitute for the loss of VP22. For example, the four proteins encoded by the tegument gene cluster are conserved among the alphaherpesviruses. They also exhibit similar subcellular localization and interact with each other. Indeed, our initial studies demonstrated that it is not possible to isolate a viable virus when all four tegument cassette genes are deleted from PRV (unpublished observations). Alternatively, the appropriate assay to test VP22 function during infection may not yet have been used. For example, the role of PRV VP22 in the establishment of latency, reactivation, or immunological responses during infection has not been investigated. The identification of cell-and virus-encoded proteins which interact with PRV VP22 may be particularly informative.
